Death-associated protein (DAP)-like kinase (Dlk), also known as Zipper interacting protein (ZIP) kinase, is a nuclear serine/threonine-speci®c kinase that phosphorylates core histones H3 and H4, and myosine light chain in vitro. It interacts with transcription and splicing factors as well as with pro-apoptotic protein Par-4 suggesting that it participates in multiple cellular processes. To explore the signi®cance of histone phosphorylation by Dlk, we determined the phosphorylation site in H3 and generated phosphospeci®c antibodies for in vivo analyses. Interestingly, Dlk/ZIP kinase phosphorylated histone H3 at a novel site, Thr11, rather than Ser10, which is characteristic of mitotic chromosomes. Immunoblotting and confocal immuno¯uor-escence analyses demonstrated that phosphorylation of H3 at Thr11 occurred in vivo and was restricted to mitosis as well. It was discernable from prophase to early anaphase and particularly enriched at centromeres. Strikingly, during this time interval, Dlk was associated with centromeres too, as revealed by stable expression of a green¯uores-cent protein (GFP)-Dlk fusion protein. These ®nd-ings strongly suggest that Dlk is a centromerespeci®c histone kinase that might play a role in labeling centromere-speci®c chromatin for subsequent mitotic processes.
INTRODUCTION
Death-associated protein (DAP)-like kinase (Dlk) (1) or Zipper interacting protein (ZIP) kinase (2) is a novel serine/ threonine-speci®c kinase that belongs to the subfamily of DAP kinases. Presently, this kinase subfamily has ®ve members: DAP kinase itself, DAP-related protein kinase, Dlk/ZIP kinase and DAPK-related apoptosis-inducing kinases (DRAK 1 and 2). The ®rst three of these share a high degree of sequence identity (>80%) in their catalytic domains while the latter are more distantly related (~50% sequence identity to the ®rst group). They all differ greatly in their non-catalytic domains (reviewed in 3,4). DAP kinase itself plays an important role in interferon g-and TNFa/fas-induced cell death (5±7). Likewise, the DAP-related kinases have been implicated in apoptotic processes. Additionally, DAP kinase might have a tumorsuppressor function as it seems to interfere with tumor progression, particularly metastatic capacity (8) .
Dlk/ZIP kinase (Dlk, for simplicity) is a nuclear kinase that is ubiquitously expressed and highly conserved (99.7 or 86% identity between rat and mouse or rat and human homologs, respectively) suggesting that it ful®lls an important function. Dlk does not induce apoptosis per se. Rather, induction of cell death by Dlk requires its cytoplasmic retention and association with actin ®laments. This can be achieved either by C-terminal truncation (9) or by coexpression and interaction with proapoptotic protein Par-4 (10) . A physiological substrate in this process might be myosin light chain (MLC), since Dlk phosphorylates MLC in vitro (1) and phosphorylation of MLC has been implicated in apoptotic membrane blebbing (11) . The function(s) of Dlk in the nucleus remain to be determined. Dlk contains a leucine zipper which mediates homodimerization and interaction with transcription factors ATF-4 (2,10) and AATF (12) and with transcription and splicing factor CDC5 (13) . Additionally, Dlk phosphorylates core histones H3, H4 and, to lesser extent, H2A in vitro (1) . Together, these data suggest a role in transcription and splicing and, perhaps, in chromatin remodeling.
Histones undergo extensive post-translational modi®ca-tions, particularly acetylation, methylation, phosphorylation, ubiquitination and ADP-ribosylation (for reviews, see 14, 15) . While the signi®cance of the latter two modi®cations is less well understood, a growing body of information about the former three allows us to deduce some general principles. Thus, acetylation of the N-terminal tails of core histones H3 and H4 has been implicated in transcriptional activation by facilitating access for the transcriptional machinery to chromatin; methylation has been implicated in long-term transcriptional silencing, and phosphorylation has been connected to chromatin condensation during mitosis. Additionally, a role of H3 phosphorylation in activation of early response genes has been demonstrated. In these latter cases, H3 phosphorylation appears to facilitate recruitment of histone acetyl transferases and subsequent acetylation of H3 at adjacent sites (Lys14) (16) . Perhaps both these modi®cations cooperate in chromatin remodeling in promoter regions of a subset of genes and thereby contribute to full transcriptional activation. In summary, the various modi®cations of histones serve different functions in the dynamic changes of chromatin during transcription, replication and recombination, and during mitosis.
Phosphorylation of H3, particularly at Ser10 (and perhaps Ser28) seems to be crucial for progression through mitosis. In mammalian cells, phosphorylation of H3 at Ser10 initiates in late G2, in the pericentromeric region and spreads over the whole chromosome arms thereafter (17). It assumes its highest level during prometaphase/metaphase when chromosomes are highly condensed, and lasts until anaphase upon which it disappears. The strong correlation of H3 phosphorylation and chromosome condensation suggested a causal relationship. However, in other organisms, particularly plants, H3 phosphorylation occurs on condensed chromosomes. Thus, H3 phosphorylation may serve as a label for mitotic chromosomes as suggested recently by the`ready production hypothesis' (reviewed in 15).
Interestingly, H3 or at least Ser10-phosphorylated H3 appeared to be excluded from centromeres, where it is replaced by its relative centromere protein (CENP-A) (18±20). CENP-A, a constitutive centromere protein is incorporated into chromatin in late S-phase and seems to provide a speci®c, epigenetic label for centromeric chromatin serving as platform for assembly of centromere/kinetochore complexes (21, 22) . However, a recent study by Blower et al.
(23) using a novel chromatin-stretching technique showed that centromeres contain both CENP-A and H3, perhaps in alternating arrays. Interestingly, both H3 and its relative CENP-A seem to be phosphorylated by aurora B kinase (24±26). However, it is not understood why this kinase phosphorylates H3 in chromosomal arms but not in centromeres where it prefers CENP-A. Obviously, other factors are necessary to mediate the distinction between different substrates in their respective contexts.
In the present study, we have investigated the signi®cance of Dlk as a histone kinase. We found that Dlk phosphorylates H3 at a novel site, Thr11, which was speci®cally phosphorylated during mitosis. H3 bearing this modi®cation seemed to be enriched in centromeric chromatin while H3 phosphorylated at Ser10 was found in the peripheral regions. Strikingly, Dlk was also associated with centromeres during mitosis and this association coincided precisely with phosphorylation of histone H3 at Thr11 and of CENP-A. We hypothesize that Dlk might be a centromere-speci®c histone kinase which plays a role in labeling centromeric chromatin for subsequent mitotic processes.
MATERIALS AND METHODS

Cell culture
Rat 1 ®broblasts and rat embryo ®broblast 52.2 were maintained in DMEM (Life Technologies, Inc., Karlsruhe, Germany) supplemented with 10% fetal calf serum, 100 U/ml penicillin and 100 mg/ml streptomycin. Human breast carcinoma (MCF-7) cells were grown in RPMI medium (Life Technologies, Inc.) containing 5% fetal calf serum and antibiotics.
Expression plasmids and transfection
Plasmids encoding the full-length green¯uorescent protein (GFP)-Dlk fusion protein have been described (1) . For the generation of stable Dlk-expressing cell lines, MCF-7 cells were transfected with GFP-Dlk expression plasmid using LipofectamineÔ (Life Technologies, Inc.) as speci®ed by the manufacturer, and selected in the presence of 1 mg/ml Geneticin (G418) (Life Technologies, Inc.). After 3 weeks, surviving colonies were isolated and cells expressing GFP-Dlk were screened by¯uorescence microscopy and further subjected to single-cell cloning.
Generation of antibodies
Phosphospeci®c antibodies (Pineda Antibody Service, Berlin, Germany) were generated in rabbits against a synthetic phosphopeptide of the sequence SARKST(P)GGK corresponding to residues 6±14 of histone H3. The threonine residue, which is normally at position 6, was replaced by serine to avoid the second threonine. Antibodies were af®nity puri®ed on a peptide column. Antibodies against Dlk were generated by immunizing rabbits with a synthetic peptide GLKRR-LCRLENRYDA corresponding to residues 403±417 of Dlk (Genosphere, Paris, France).
Immuno¯uorescence microscopy
For immuno¯uorescence microscopy, MCF-7 or Rat 1 cells grown on coverslips were ®xed with methanol at ±20°C for 5 min. After washing with PBS, cells were treated with 5% non-fat dry milk for 1 h and incubated with the respective primary antibodies at the following dilutions: CREST autoimmune serum speci®c to centromere proteins CENP-A, B, C (27) (DPC Biermann, Bad Nauheim, Germany) at 1:200; rabbit polyclonal antibody speci®c for phospho-Thr11 of histone H3 (Pineda, Berlin) at 1:2000; rabbit polyclonal antibody speci®c for phospho-Ser10 of histone H3 (Upstate, Lake Placid, USA) and rabbit polyclonal antibody speci®c for CENP-F (clone D10, Novus Biologicals Inc., Littleton, CO, USA) at 1:5000. All primary antibodies were incubated for 1 h at room temperature. As secondary antibodies, Cy3-conjugated goat serum (Dianova, Hamburg, Germany) was used; goat anti-mouse and goat anti-rabbit were used at 1:500, or goat anti-human IgG at 1:200 dilutions and incubated for 30 min at room temperature. Nuclei were stained with 4,6-diamidino-2-phenylindole or propidium iodide for 15 min and subsequent washing as described above.
Images were captured with an Axiophot¯uorescence microscope (Zeiss, Oberkochen, Germany) equipped with a CCD-camera using ®lters optimized for double-label experiments and a 63Q oil immersion objective. Confocal microscopy was performed either with a Leica DM-RBĒ uorescence microscope coupled with a TCS-4D Laser Scanning Confocal Apparatus (Leica, Bensheim, Germany) or with a Zeiss Axioplan¯uorescence microscope coupled with a ZEISS LSM 510. Images were treated with Adobe PhotoshopÔ.
Preparation of cell extracts, SDS±PAGE and western blotting
Randomly growing or mitotic cells were sequentially extracted to remove soluble cytoplasmic and nucleoplasmic proteins and to obtain nuclear extracts. Mitotic cells were obtained by treatment with nocodazole (Sigma-Aldrich, Taufkirchen, Germany) (0.1 mg/ml) for 16 h, prior to harvest and shake off. Cells were washed with ice-cold PBS and lysed in isotonic lysis buffer (10 mM NaPO 4 pH 8.0, 140 mM NaCl, 3 mM MgCl 2 , 1 mM dithiothreitol, 0.5% Nonidet-P40, 50 mM Nucleic Acids Research, 2003, Vol. 31, No. 3 879 leupeptin) for 10 min on ice. Where appropriate, 10 mM NaMoO 4 was added as additional phosphatase inhibitor. The lysate and nuclei were separated by low speed centrifugation, nuclei were resuspended in lysis buffer and brie¯y treated with benzonase (La Roche Applied Science, Mannheim, Germany) to reduce the viscosity of DNA after denaturation of chromatin in SDS sample buffer. For western blot analyses, nuclear extracts were separated on SDS±polyacrylamide gels and electrophoretically transferred onto nitrocellulose membranes according to standard protocols. Membranes were blocked with 5% non-fat dry milk in TBS following incubation with the polyclonal anti (P)-Ser10 or anti (P)-Thr11 antibody (1:5000 and 1:2000, respectively); anti-CENP-A (Upstate) was used at 1:1000. Bound antibodies were detected with a peroxidase-conjugated secondary goat anti-rabbit antibody (Dianova, Hamburg, Germany) using an enhanced chemoluminescence detection kit (Pierce/Perbio, Bonn, Germany). As loading control, aliquots identical to those used for immunoblotting were run on the same gel and stained with Coomassie brilliant blue to visualize the proteins.
In vitro kinase assay
In vitro kinase assays were carried out with baculovirusexpressed puri®ed His-tagged Dlk essentially as described previously (1) . As substrates a mixure of puri®ed histones from calf thymus (Roche) were employed. To achieve quantitative phosphorylation, as required for immunoblotting with phospho-speci®c antibodies, the kinase reaction was carried out with 100 mM unlabeled ATP.
Phosphoamino acid analysis and two-dimensional phosphopeptide mapping
In vitro phosphorylated histones H3 and H4 were subjected to two-dimensional tryptic phosphopeptide mapping and phosphoamino acid analysis on thin-layer cellulose plates essentially as described previously (28) .
RESULTS
Dlk phosphorylates core histones H3 and H4 at threonine residues in vitro
Dlk was employed in an in vitro kinase reaction with a mixture of puri®ed histones from calf thymus as substrates. Dlk ef®ciently phosphorylated core histones H3 and H4 and, to a lesser extent, H2A, as published (1) (Fig. 1A) . The phosphorylated proteins were isolated and subjected to phosphoamino acid analysis (see Materials and Methods). Interestingly, all three histones were phosphorylated at threonine, rather than serine residues (shown for H3 and H4 in Fig. 1B ). Since this modi®cation has not been described so far, we asked whether it also occurs in vivo. Emphasis was put on histone H3, since modi®cation of H3 appears to play an extraordinary role in processes involving chromatin remodeling. We determined the phosphorylation site in H3, generated phosphospeci®c antibodies and employed these in western blotting and immuno¯uorescence analyses.
Inspection of the amino acid sequence of H3 revealed only one potential threonine phosphorylation site, which ful®ls the requirements for a Dlk phosphorylation site, an Arg residue at the ±3 position (K.H.Scheidtmann, unpublished results). This site, Thr11 in the sequence Ala-Arg-Thr-Lys-Gln-Thr-AlaArg-Lys-Ser-Thr 11 -Gly-Gly-Lys was veri®ed by two-dimensional peptide analysis (data not shown). Interestingly, this site is adjacent to the well established Ser10 site. Antibodies against a synthetic phosphopeptide encompassing residues 6±14 of H3 and including (P)-Thr11 were generated and assayed for their speci®city. Histones from calf thymus were quantitatively phosphorylated by puri®ed Dlk in vitro and tested for their reactivity with the antibodies. As shown in Figure 1C (lanes 1 and 2) , the antibodies reacted strongly with phosphorylated H3 but not with the unphosphorylated form or any of the other histones. Moreover, this modi®cation was not recognized by (P)-Ser10-speci®c antibodies (lanes 3 and 4).
Histone H3 phosphorylation at Thr11 occurs in vivo and is restricted to mitosis
We next asked whether phosphorylation of H3 at Thr11 occurs in vivo. Nuclear extracts from Rat 1 cells were separated by SDS±PAGE and analyzed by western blotting using antibodies speci®c for (P)-Thr11 or, as control, (P)-Ser10 of H3. Indeed, both antibodies reacted speci®cally with cellular H3, but not with other proteins (Fig. 2A, lanes 1 and 5) . Similar results were obtained with nuclear extracts from other cell lines (data not shown). The signal obtained with the (P)-Thr11-speci®c antibodies was much weaker than that observed with the (P)-Ser10-speci®c antibodies. This difference could be due to different af®nities of the antibodies or re¯ect the relative abundance of the respective modi®cations. In the latter case phosphorylation at Thr11 might occur only in a subfraction of H3, either in a particular phase of the cell cycle or within speci®c chromosomal regions.
To investigate this issue, and to further explore the speci®city of the antibodies, we performed immunoblot analyses with nuclear extracts prepared from asynchronously growing, normal (N) or nocodazol-arrested mitotic (M) Rat 1 cells. Since phosphorylation of H3 at Ser10 is a hallmark of mitotic chromatin, we used (P)-Ser10-speci®c antibodies as reference. (P)-Ser10-speci®c antibodies reacted much more strongly with H3 from mitotic cells than with H3 from normal cells, as expected ( Fig. 2A, lanes 2 and 1, respectively) . Interestingly, the (P)-Thr11-speci®c antibodies exhibited the same preference (compare lanes 5 and 6 in Fig. 2A ). Figure 2B shows that equal amounts of proteins from normal or mitotic cells were loaded. To exclude the possibility that the (P)-Thr11-speci®c antibodies simply cross-reacted with H3 phosphorylated at Ser10, we performed the immune reactions in the presence of competing peptide encompassing the phosphorylated Thr11. In this case the reaction was blocked in a concentration-dependent manner for the (P)-Thr11-(lanes 7 and 8) but not for the (P)-Ser10-speci®c antibodies (lanes 3 and 4). Thus, both these antibodies speci®cally recognized the respective modi®cation. Together, these data suggest that, during mitosis, histone H3 is phosphorylated at both Ser10 and, to lesser extent, Thr11.
To further con®rm these results and to investigate the possibility that phosphorylation at Thr11 was restricted to a short time interval within mitosis or to particular chromosomal regions, we performed immuno¯uorescence analyses. Cells were counterstained with propidium iodide to visualize chromatin and to evaluate mitotic stages. Again, Thr11 phosphorylation was restricted to mitotic cells, particularly between prophase and early anaphase after which the signal faded (Fig. 3) . In contrast, phosphorylation of Ser10 appeared earlier in late G2/early prophase and was discernable until anaphase (data not shown), in agreement with published observations (17, 29) .
Detailed inspection of mitotic cells by confocal microscopy revealed that Thr11-phosphorylated H3 was not distributed over the whole chromosomes but occurred preferentially at centromere-like dots, as shown on the metaphase picture of Figure 4 , upper panel. Centromeres can be visualized with autoimmune sera containing antibodies against various centromere constituents, particularly the so-called constitutive centromere proteins CENP-A, B, C, etc. (27) . Co-staining with centromere-speci®c CREST serum and subsequent confocal immuno¯uorescence analyses revealed that both antisera revealed very similar staining patterns; the dots stained by anti-H3-(P)Thr11 antibodies largely co-localized with centromere-speci®c dots (Fig. 4, upper panel) . In contrast, the Ser10-speci®c antibodies stained whole chromosomes, preferentially in distal regions, and did not colocalize with centromeres stained by CREST antibodies (Fig. 4, lower  panel) . These results demonstrate that phosphorylation of H3 at Thr11 is largely restricted to centromeric regions and suggest that Ser10 or Thr11 phosphorylation are mutually exclusive.
Dlk associates with centromeres during mitosis
If Dlk was responsible for phosphorylating H3 and, perhaps, CENP-A in vivo, then one would expect¯uctuations of Dlk in Figure 2 . Phosphorylation of H3 at Thr11 occurs in vivo during mitosis. Rat 1 cells were left untreated or arrested with nocodazol to collect mitotic cells. Cells were lysed in phosphate lysis buffer, soluble cyto-/nucleoplasmic proteins were discarded, residual nuclear proteins were dissolved in SDS sample buffer and subjected to immunoblot analysis using antibodies speci®c for H3 (P)-Ser10 (lanes 1±4) or H3 (P)-Thr11 (lanes 5±8); incubation with primary antibodies was without (±) or with (shown are peptide dilutions) competing peptide phosphorylated at Thr11, dilutions were made from a 1 mM solution; N, nontreated normal cells, M, nocodazol-treated mitotic cells; after SDS±PAGE, aliquots of N and M extracts equal to the ones loaded on the gels shown in (A) and (B) have been stained with Coomassie blue to assure that identical amounts of proteins were loaded on each lane. its level of expression, activity or its subcellular distribution. To address this issue, we established cell clones of MCF7 cells that stably expressed Dlk as GFP-fusion protein. One of these clones, denoted MCF-7-C2, which expressed GFP-Dlk at a low level (compared with transient overexpression) was used for further studies. Ectopic expression of GFP-Dlk revealed no phenotypic effects on these cells, i.e. the growth properties (doubling time, saturation density, serum requirement) of MCF-7-C2 cells were indistinguishable from the parental cell line. In most cells, GFP-Dlk exhibited a diffuse nuclear distribution with a fraction of cells (~30%) showing a punctuate staining in a diffuse background (data not shown). This picture changed completely during mitosis. Strikingly, Dlk was found associated with different mitotic structures, particularly centromeres (Fig. 5A ) but also with centrosomes and the contractile ring, but not with the mitotic spindle (data not shown; U.Preuss, P.Buchenau and K.H.Scheidtmann, submitted). Since association with centromeres might be related to the centromere-speci®c histone modi®cations reported above, we studied this association in more detail. Centromeres were visualized by co-staining with CREST serum as shown above. Confocal immuno¯uorescence microscopy revealed a clear co-localization of GFP-Dlk and centromere proteins in most mitotic cells (Fig. 5A ), but not in interphase cells. If both H3 phosphorylated at Thr11 and Dlk individually co-localized with centromeres, then they should both co-localize directly. This assumption was con®rmed by the pictures shown in Figure 5B . (Note that in this image one of the centrosomes is in focus showing association of GFP-Dlk with these structures.)
We next determined the time period during which Dlk was associated with centromeres. Inspection of different mitotic phases revealed co-localization of GFP-Dlk with centromeres from prophase, when chromatin condensation was advanced, until anaphase. Co-localization was lost at telophase (Fig. 6 ). This time course was con®rmed by co-staining for CENP-F, a mitotic centromere protein that associates with centromeres from early prophase to anaphase (30) (data not shown).
Together, our data demonstrate that during mitosis GFP-Dlk associates with centromeres and that this association coincided precisely with phosphorylation of histone H3 at a novel site, Thr11.
DISCUSSION
In this study we investigated the possible signi®cance of Dlk as a histone kinase. In vitro, Dlk phosphorylated H3 at a novel site, Thr11, rather than Ser10. This modi®cation occurred in vivo as well, speci®cally during mitosis from prophase to early anaphase. Furthermore, Thr11-phosphorylated H3 was concentrated in centromeric regions, while Ser10-phosphorylated H3 was distributed over the entire chromosomes, particularly in peripheral regions. Thus, this novel modi®ca-tion of H3 appears to be speci®c for centromeric chromatin. This might explain why it has not been detected earlier.
Interestingly, the kinetics of phosphorylation of H3 at Thr11 paralleled that of the H3 variant CENP-A at Ser7, as published recently (29) . This coincidence suggested that both proteins are phosphorylated by the same kinase. Indeed, Dlk is also capable of phosphorylating an N-terminal fragment of CENP-A, in vitro (U.Preuss, P.Buchenau and K.H.Scheidtmann, submitted).
Does Dlk phosphorylate H3, and perhaps CENP-A, in vivo? It was striking that recombinant Dlk was associated with centromeres too, and that this association coincided precisely with H3 phosphorylation at Thr11. A critical question is whether the same is true for endogenous Dlk. So far, we have not been able to verify these results for endogenous Dlk because none of the available antibodies against Dlk proved to be suitable for immuno¯uorescence studies. Additionally, the level of endogenous Dlk might be too low for detection by immuno¯uorescence. Similar cases are reported in the literature. For example, the association of aurora B kinase and Polo-like kinase 1 with kinetochores was revealed only by using GFP tagging (31, 32) . To obtain information about the subnuclear localization of endogenous Dlk we performed cell fractionation experiments. Cellular proteins were separated into soluble, nuclease released chromatin and high salt fractions and the distributions of endogenous Dlk and GFPDlk were analyzed by immunoprecipitation and SDS±PAGE. These experiments revealed that ectopically expressed GFPDlk was 5-to 10-fold more abundant than endogenous Dlk. However, the vast majority of the overexpressed GFP-fusion protein was extracted with the soluble protein while the nuclease-released chromatin and high salt fractions showed a similar distribution of GFP-tagged Dlk and endogenous Dlk (data not shown; U.Preuss, P.Buchenau and K.H.Scheidtmann, submitted). It should be pointed out that the overexpression of Dlk in MCF7-C2 cells is quite moderate compared with transient transfection experiments. Cells are rather sensitive to changes in the composition of critical structures like centromere/kinetochore complexes and usually respond by inducing apoptosis. However, the growth properties of the GFP-Dlk-expressing MCF-7-C2 clone were indistinguishable from those of the parental MCF-7 cells. Finally, phosphorylation of H3 at Thr11 was not restricted to GFPDlk-expressing cells but occurred in a number of different cell lines investigated (parental MCF-7 cells, Rat 1, human prostate carcinoma PC3 cells). These data argue against artifacts due to over-expression of Dlk and we are quite convinced that the observations made for GFP-Dlk apply to endogenous Dlk as well. Under these considerations, our data strongly suggest that Dlk is a centromere-speci®c histone H3 kinase.
With regard to CENP-A, it was recently shown to be phosphorylated by aurora B, in vitro (25) . Aurora B is involved in regulation of different mitotic processes (reviewed in 33) and is responsible for phosphorylating the bulk of H3 at Ser10 and Ser28 (24, 26, 34) . Phosphorylation at these sites differs in space and time from the modi®cations reported here (17, 26, 29) . In prophase, aurora B is recruited to centromeres by inner centromere protein (INCENP) and remains there until the onset of anaphase when it relocalizes in complex with INCENP to the central spindle and later on to the contractile ring (35) . Thus, both Dlk and aurora B are localized to centromeres from prophase to early anaphase. However, both kinases differ clearly in their substrate speci®cities. Aurora B phosphorylates H3 at Ser10 and Ser28, which are both preceeded by Ala-Arg-Lys, Arg at ±2 position probably being the critical residue for substrate recognition. These sites are clearly not targeted by Dlk which requires an Arg residue at the ±3 position, as for Thr11 (K.H.Scheidtmann, unpublished results). On the contrary, aurora B does not phosphorylate H3 at Thr11. As for CENP-A, it contains overlapping recognition sequences for both kinases, the sequence preceeding Ser7 being Arg-Arg-Arg-Ser (29) . However, it is not yet clear why aurora B phosphorylates the bulk of H3 in chromosomal arms while it ignores H3 in centromeres, where it prefers CENP-A as substrate. This issue requires further investigation.
What causes association of Dlk with centromeres? Centromeres and kinetochores are assembled in a stepwise fashion, some factors presumably serving as targeting factors. Thus, CENP-A is required for assembly of constitutive centromere proteins (20±22), INCENP is required for association of aurora B and survivin (35) , CENP-F seems to be required for subsequent assembly of CENP-E and BubR (36) , and Bub1 is required for association of Mad1, Mad2 and Bub3 (37) . Dlk appears at centromeres after CENP-F (not shown). Whether its centromere association depends on CENP-F or INCENP, or occurs independently, needs to be investigated.
What might be the function(s) of H3 Thr11 and CENP-A phosphorylation? It is generally assumed that in higher eukaryotes centromeres are de®ned epigenetically by establishing or maintaining speci®c chromatin structures (reviewed in 19, 38, 39) . Histone H3 appeared to be excluded from this centromere-speci®c chromatin, where it is replaced by CENP-A (20, 40) . CENP-A, together with CENP-B and CENP-C serve as platform for centromere and subsequent kinetochore assembly. However, only Ser10-phosphorylated H3 is clearly excluded from centromeres. A recent study by Blower et al. (23) using a novel chromatin-stretching technique demonstrated that centromeres do contain both CENP-A and H3 in alternating arrays. Our data suggest that this centromeric H3 is phosphorylated at Thr11, instead of Ser10. Thus, Dlk could be involved in establishing centromere-speci®c chromatin. However, phosphorylation of H3 (at Thr11) and CENP-A occurs well after establishment of centromere complexes after the onset of mitosis. We propose that these modi®cations play a role in kinetochore rather than centromere assembly. They might serve as a recognition code for kinetochore proteins. Whether Dlk targets any of the kinetochore components and whether it actively participates in regulation of kinetochore formation, attachment of spindle ®bers or even the spindle checkpoint is the subject of further investigation.
